ATP binding cassette (ABC) transporters play diverse roles, including lipid transport, in all kingdoms. ABCG subfamily transporters that are encoded as half-transporters require dimerization to form a functional ABC transporter. Different dimer combinations that may transport diverse substrates have been predicted from mutant phenotypes. In Arabidopsis thaliana, mutant analyses have shown that ABCG11/WBC11 and ABCG12/CER5 are required for lipid export from the epidermis to the protective cuticle. The objective of this study was to determine whether ABCG11 and ABCG12 interact with themselves or each other using bimolecular fluorescence complementation (BiFC) and protein traffic assays in vivo. With BiFC, ABCG11/ABCG12 heterodimers and ABCG11 homodimers were detected, while ABCG12 homodimers were not. Fluorescently tagged ABCG11 or ABCG12 was localized in the stem epidermal cells of abcg11 abcg12 double mutants. ABCG11 could traffic to the plasma membrane in the absence of ABCG12, suggesting that ABCG11 is capable of forming flexible dimer partnerships. By contrast, ABCG12 was retained in the endoplasmic reticulum in the absence of ABCG11, indicating that ABCG12 is only capable of forming a dimer with ABCG11 in epidermal cells. Emerging themes in ABCG transporter biology are that some ABCG proteins are promiscuous, having multiple partnerships, while other ABCG transporters form obligate heterodimers for specialized functions.
INTRODUCTION
ATP binding cassette (ABC) transporters are universal components of cells from all kingdoms and play diverse roles, including lipid transport. Many ABC transporters are encoded as fully functional units, consisting of two ATP binding cassettes and two transmembrane domains. ABCG family members that are encoded as half-transporters must dimerize to form a full, functional ABC transporter. In Arabidopsis thaliana, the ABCG gene family contains 28 genes annotated as half-transporters (Verrier et al., 2008) . ABCG half-transporters have been implicated in the transport of abscisic acid (Kuromori et al., 2010) and export of kanamycin (Mentewab and Stewart, 2005) , sporopollenin (Quilichini et al., 2010; Xu et al., 2010) , and cuticular lipids (Pighin et al., 2004; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . Whether these half-transporters function as homodimers or heterodimers is not known.
A model of ABCG half-transporters forming different heterodimers to perform multiple functions has been proposed in other eukaryotic systems. In Drosophila melanogaster, WHITE, SCAR-LET, and BROWN genes are involved in eye pigment accumulation and WHITE is also involved in cGTP transport (Sullivan and Sullivan, 1975; Sullivan et al., 1979; Mackenzie et al., 2000; Evans et al., 2008) . Mutant phenotypes have indicated that WHITE is required for accumulation of both guanine-derived (red) or Trpderived (brown) eye pigments, as the eyes of white mutants lack any pigmentation (Sullivan et al., 1980; Ewart et al., 1994) . Similarly, brown and scarlet mutants indicated that these halftransporters are required for accumulation of guanine-derived or Trp-derived eye pigments, respectively (Ewart et al., 1994) . This implies that WHITE and BROWN dimerize to transport guaninederived pigments, while WHITE and SCARLET dimerize to transport Trp-derived pigments. Whether these gene products physically interact in vivo and whether they directly transport these substrates has not been tested.
ABCG transporters in mammals appear to form either obligate heterodimers, such as the ABCG5/ABCG8, or homodimers, such as ABCG2 (Tarr et al., 2009) . While both ABCG5 and ABCG8 can interact promiscuously with other ABCG transporters tested in vitro (Graf et al., 2003) , mouse ABCG5 and ABCG8 must dimerize to exit the endoplasmic reticulum (ER), undergo posttranslational modification in the Golgi, and traffic to their usual plasma membrane location (Graf et al., 2002 (Graf et al., , 2003 . If either ABCG5 or ABCG8 is expressed individually, or if heterodimerization is disrupted by a point mutation in either transporter, both transporters are retained in the ER and degraded, indicating that formation of the ABCG5-ABCG8 heterodimer is a prerequisite for plasma membrane localization (Graf et al., 2002 (Graf et al., , 2004 . These studies suggest that only a subset of the ABCG transporter dimers that may be detected by immunoprecipitation are capable of exiting the protein maturation machinery in the ER and that ER exit can be used as an assessment of the biological relevance of functional dimers.
Two ABCG half-transporters, ABCG11 and ABCG12, have been implicated in the export of lipids from the epidermis to the cuticle, which seals and protects the aerial tissues of the plant body (Bird, 2008) . The cuticle is a tough cross-linked cutin polyester scaffold composed of hydroxy-C16 and C18 fatty acids and glycerol (Pollard et al., 2008) , surrounded by and covered with a hydrophobic wax mixture dominated by verylong-chain fatty acid derivatives (Jetter et al., 2006; Samuels et al., 2008) . ABCG half-transporters required for accumulation of both cutin and wax at the cell surface have been identified by mutant analysis in Arabidopsis. abcg11/wbc11/desperado/cof1 mutants display reduced cutin and wax levels Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . Detailed analyses of these chemical phenotypes revealed that all wax and cutin constituents were decreased in these mutants. Assuming that ABCG11 can directly transport cuticular lipids, these data imply that ABCG11 has a broad substrate specificity for a variety of structurally diverse cuticular lipids Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . The closely related ABCG12/CER5 transporter is required for wax (Pighin et al., 2004) , but not cutin, export . abcg12 mutants have a reduction only in wax components, suggesting that ABCG12 has a narrower substrate specificity than ABCG11 (Pighin et al., 2004) . Fluorescently tagged ABCG11 or ABCG12 is localized to the plasma membrane and rescues cuticular lipid deficiencies of the knockout mutants in stably transformed lines (Pighin et al., 2004; Bird et al., 2007) . Consistent with a role in cuticular lipid export, both genes are highly expressed in the stem epidermis, where wax and cutin synthesis and secretion are extremely high (Pighin et al., 2004; Suh et al., 2005; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . However, ABCG11 is also expressed in tissues in which cuticular lipids are not synthesized (e.g., emerging lateral roots), suggesting that it may play roles beyond cuticular lipid export Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . Indeed, abcg11 mutants display pleiotropic phenotypes, including dwarfism, loss of apical dominance, and sterility, while abcg12 mutants are phenotypically normal except for their glossy stems (Pighin et al., 2004; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . Epidermal cells of both abcg11 and abcg12 mutants accumulate lipidic inclusions, presumably due to the aggregation of wax molecules that are synthesized, but not exported, from these mutants (Pighin et al., 2004; Bird et al., 2007; Panikashvili et al., 2007) . abcg11 abcg12 double mutants have the same levels of residual wax as either of the single mutants, suggesting that ABCG11 and ABCG12 act in the same pathway or complex in cuticular wax export .
Based on the pleiotropic phenotypes of abcg11 mutants, we hypothesized that different dimerization combinations of ABCG transporters could account for the multiple functions of the ABCG11 half-transporter . In this study, ABCG11/ABCG12 heterodimers and ABCG11 homodimers were demonstrated using bimolecular fluorescence complementation (BiFC), while ABCG12 homodimers were not. Heterodimerization between ABCG11 and ABCG12 was further supported by the behavior of the ABC transporters during their biosynthesis and secretion in epidermal cells, which actively synthesize and secrete cuticular lipids. The different dimer combinations demonstrated by BiFC can account for the behavior of these half-transporters during their trafficking. ABCG12 was retained in lipidic inclusions in the absence of ABCG11, and these inclusions were contiguous with the ER. This study emphasizes the flexibility of the half-transporter system of ABCG transporters, in which specific dimer combinations perform specialized functions and different combinations of ABCG transporters can perform different functions.
RESULTS

ABCG11 and ABCG12 Form a Heterodimer, and ABCG11 Can Homodimerize
Given that ABCG11 and ABCG12 are both half-transporters (Verrier et al., 2008) and that the double mutant phenotype indicated that they likely act in the same pathway or complex in wax export , their physical interaction was tested in vivo using BiFC (Figure 1 ). This plant-based system was used because it has proven difficult, both in our hands and as documented by others (Geisler and Murphy, 2006; Yang and Murphy, 2009) , to express plant ABC transporters in Saccharomyces cerevisiae, thus limiting yeast protein-protein interaction studies. In the BiFC system, enhanced yellow fluorescent protein (EYFP) is split into two halves: N-terminal (nYFP) and C-terminal (cYFP), which are fused to the proteins of interest. Cotransformation of these constructs into a transient expression system in Arabidopsis leaf mesophyll protoplasts allows reconstitution of YFP if the two proteins are in close physical proximity, thereby allowing detection of YFP signal (Citovsky et al., 2006) . A significant proportion of protoplasts cotransformed with cYFP-ABCG11 and nYFP-ABCG12, or conversely, with cYFP-ABCG12 and nYFP-ABCG11, displayed bright yellow fluorescence in the plasma membrane, indicating that these two proteins are capable of forming a heterodimer in vivo (P < 0.05) ( Figures 1C, 1D , and 1I; see Supplemental Figure 1 online). This also confirms that ABCG BiFC constructs with either the C-or N-terminal pieces of YFP are capable of generating yellow fluorescence, regardless of the combination used.
When cYFP-ABCG11 and nYFP-ABCG11 were cotransformed into protoplasts, yellow fluorescence was observed in the plasma membrane of a significant proportion of these cells, indicating that ABCG11 can also homodimerize (P < 0.05) ( Figures 1A, 1B , and 1I). By contrast, when cYFP-ABCG12 and nYFP-ABCG12 were cotransformed, only a small proportion of protoplasts fluoresced faintly when imaged under the same conditions ( Figures 1E, 1F , and 1I; see Supplemental Figure  1 online). To determine whether this signal was due to a genuine, low-level homodimerization of ABCG12 or whether it was an artifact of colocalization of two half-YFP constructs to the plasma membrane, each of the ABCG BiFC constructs were cotransformed with BiFC constructs for components of a plasma membrane-localized root nitrate transporter complex (Arabidopsis NRT2.1 or NRT3.1) (Yong et al., 2010) , which are not predicted to interact with ABCG transporters. Protoplasts cotransformed with NRT2.1-cYFP and either nYFP-ABCG11 or nYFP-ABCG12 or with NRT3.1-nYFP and either cYFP-ABCG11 or cYFP-ABCG12 displayed the same faint fluorescence as cYFP-ABCG12 with nYFP-ABCG12 (Figures 1E to 1I; see Supplemental Figure 1 online). These proportions of fluorescent protoplasts were not significantly different from the proportion observed when the two ABCG12 constructs were cotransformed (P > 0.35). Thus, these low proportions of faintly fluorescing protoplasts are likely background signal due to chance associations between proteins that are plasma membrane localized but do not legitimately interact.
ABCG11 Trafficking to the Plasma Membrane Is Independent of ABCG12
Studies of ABCG half-transporters in mammalian cells indicate that both partners of a heterodimer must be present for the dimer to traffic to the plasma membrane (Graf et al., 2003 (Graf et al., , 2004 . To test whether ABCG11 or ABCG12 can traffic normally only in the presence of their partners and to put these interactions into the context of cuticular lipid secretion in the epidermis, stably transformed plant lines expressing fluorescently tagged ABCGs (Pighin et al., 2004; Bird et al., 2007) were crossed into the single (abcg11) and double (abcg11 abcg12) knockout mutants. YFP-ABCG11 successfully trafficked to the plasma membrane in the presence of its wild-type ABCG12 partner (i.e., in the single abcg11 mutant background; Figure 2A ). Plasma membrane localization of YFP-ABCG11 was visualized as two distinct signals from neighboring cells lining the adjacent cell wall, which was labeled with propidium iodide (Figures 2B and 2C) . In the absence of ABCG12 (in abcg11 abcg12 double knockout mutant background), YFP-ABCG11 was also localized to the plasma membrane ( Figure 2E ), where it colocalized with the plasma membrane marker FM4-64 ( Figures 2F and 2G ). YFP-ABCG11 localization in the double mutant background was confirmed using transmission electron microscopy (TEM) immunogold labeling of cryo-fixed, freeze-substituted stem epidermal cells ( Figure 2D ), probed with an anti-green fluorescent protein (GFP) antibody. The plasma membrane of epidermal cells was labeled by anti-GFP in transgenic plant lines carrying YFP-ABCG11 ( Figure 2H ), but no signal above background was detected in wild-type control plants or in samples probed without a primary antibody (see Supplemental Figure 2 online). There was no evidence of polar localization of YFP-ABCG11 in stem epidermal cells using this high-resolution TEM technique, in contrast with previous reports using confocal microscopy, where signal intensities can be distorted by optical conditions or dissection (Panikashvili et al., 2007 ). These results demonstrate that ABCG11 is able to traffic to the plasma membrane even in the absence of ABCG12. This indicates that ABCG11 may heterodimerize with other ABCG half-transporters that are present in the stem epidermis, such as ABCG18 and ABCG19 (Suh et al., 2005) . Alternatively, ABCG11 may form a homodimer in vivo, an interpretation that is consistent with the BiFC data.
ABCG12 Trafficking to the Plasma Membrane Is Dependent on ABCG11
If ABCG12 forms an obligate heterodimer with ABCG11, then ABCG11 is predicted to be required for normal traffic of ABCG12 to the plasma membrane. Therefore, GFP-ABCG12 was localized in abcg12 and abcg11 abcg12 mutants to investigate its trafficking in the presence and absence of its ABCG11 partner, respectively. In the single abcg12 knockout mutants, GFP-ABCG12 signal was detected at the plasma membrane ( Figure  3A) , adjacent to the cell wall, visualized with propidium iodide . n = 8 independent experiments (total of >1300 protoplasts scored), bars represent SE, * denotes statistically significant differences between samples (P < 0.05), and bars = 10 mm. All protoplasts (except for the overexpressing YFP control) were imaged at the same exposure time and detector gain to allow for comparisons of relative fluorescence.
Flexible Pairing of ABCG Transporters 3 of 10 ( Figures 3B and 3C ). Immunogold TEM labeling of the single abcg12 mutant expressing the GFP-ABCG12 construct revealed that anti-GFP signal was predominantly at the plasma membrane, with little intracellular and cell wall background label ( Figure 3D ; see Supplemental Figure 2 online). However, in the abcg11 abcg12 double mutant background, GFP-ABCG12 signal was detected in a reticulate network resembling the ER and in large aggregations in the middle of the cells ( Figure 3E ). This signal had a low level of colocalization with FM4-64 ( Figures 3F  and 3G ), which is not consistent with plasma membrane localization. In TEM, anti-GFP labeling was concentrated in the large aggregations of sheet-like inclusions that have been detected within the cytoplasm of abcg11 and abcg12 mutants ( Figure 3H ; Pighin et al., 2004; Bird et al., 2007; Panikashvili et al., 2007) . GFP-ABCG12 retention in the ER in the absence of ABCG11 is consistent with the prediction that ABCG12 dimerizes only with ABCG11 in the stem epidermal cells and that, as in mammals, ABCG half-transporter dimer formation is required for trafficking to the plasma membrane (Graf et al., 2003 (Graf et al., , 2004 . Accumulation of GFP-ABCG12 in the abcg11 abcg12 mutant inclusions could be due to a nonspecific ER stress response and/ or a general trafficking defect in abcg11 mutants. Immunogold TEM labeling for another plasma membrane-localized protein, the PIP2 aquaporin (Bots et al., 2005) , detected PIP2 in the plasma membrane of wild-type and abcg11 mutant cells ( Figures 4A and  4B ). However, no labeling above background was detected in the inclusions ( Figure 4C ; see Supplemental Figure 3 online). This confirms that the failure of GFP-ABCG12 to traffic to the plasma membrane in abcg11 mutants is specific to ABCG12 and that the inclusions are not a general sink for plasma membrane-localized proteins. Similarly, RT-PCR analysis of genes typically upregulated by the unfolded protein response (Martinez and Chrispeels, 2003; Kamauchi et al., 2005) confirmed that the presence of inclusions does not induce significant unfolded protein response (see Supplemental Figure 4 online). These data agree with a recent microarray analysis of gene expression changes in abcg11 mutants (Panikashvili et al., 2010) . Therefore, GFP-ABCG12 retention in inclusions is not due to a general protein or membrane trafficking defect in abcg11 mutants.
Membrane Inclusions in abcg11 Mutants Are Contiguous with the ER
Because GFP-ABCG12 was retained in the ER and in the inclusions of abcg11 abcg12 double mutants, the relationship between these inclusions and the ER was investigated further. TEM was used to examine the morphology of abcg11 stem epidermal cells where inclusions protruded into the vacuole of 
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The Plant Cell epidermal cells ( Figure 5A ). ER membranes are often closely associated with the inclusions, either layered between inclusions, or at the tips of the inclusions ( Figures 5B and 5C ). By contrast, there was no relationship between the Golgi apparatus and the inclusions ( Figure 5B ). To confirm the association of the ER with the inclusions, ER was positively identified with established markers in abcg11 mutants. In wild-type epidermal cells, the ER marker GFP-HDEL (Batoko et al., 2000) labeled the ER network, including the cortical ER ( Figure 6A ). In abcg11 mutant stem epidermal cells, GFP-HDEL labeled large aggregations in the center of these cells, in addition to the normal ER network ( Figure 6E ). This pattern is strikingly similar to the lipidic inclusions labeled with Nile Red detected in abcg12 mutants (Pighin et al., 2004) . In abcg11 mutants, Nile Red stained a similar pattern to GFP-HDEL ( Figures 6B, 6C , 6F, and 6G), suggesting that these ER accumulations are lipid rich and may be composed of cuticular lipids that are synthesized, but not secreted, in abcg11 mutants.
Since the ER was often layered between inclusions, the live-cell imaging with GFP-HDEL might reflect trapping of ER membranes between inclusions, rather than expansion of the ER membranes to form inclusions. To differentiate between these possibilities, TEM immunogold labeling was employed with anticalreticulin, an established marker for the ER (Coughlan et al., 1997) . In wild-type cells, anticalreticulin labeled the electron-lucent ER lumen ( Figure 6D ; see Supplemental Figure 5 online). In abcg11 mutants, anticalreticulin labeled both ER lumen and inclusions ( Figure 6H ; see Supplemental Figure 5 online). This confirms that the inclusions themselves contain bona fide ER markers. Together, these data suggest that in abcg11 mutants, lipids are retained in inclusions that are associated with ER-derived membranes.
DISCUSSION
Specific dimer pairings of ABCG transporters have been hypothesized to allow multiple functions for a single gene product in both Arabidopsis cuticular lipid export by ABCG11 and ABCG12 , Bird, 2008 and in Drosophila eye pigment accumulation by WHITE, BROWN, and SCARLET (Sullivan and Sullivan, 1975; Sullivan et al., 1979; Mackenzie et al., 2000; Evans et al., 2008) . However, these dimer combinations have been hypothesized based on sequence analysis and mutant phenotypes and have not been directly tested, until now. Here, physical interactions between Arabidopsis ABCG11 and ABCG12 are experimentally demonstrated by BiFC. BiFC data 
In abcg12 mutants ([A] to [D]), GFP-ABCG12 is localized to the plasma membrane (A), as shown by counterstaining with the cell wall dye propidium iodide (B), merge (C), and TEM immunogold localization with anti-GFP (D). In abcg11 abcg12 double mutants ([E] to [H])
, GFP-ABCG12 is retained within the ER and in lipidic inclusions of these mutants (E) and fails to colocalize with the plasma membrane dye FM4-64 (F) in the merge (G). TEM immunogold localization with anti-GFP confirms GFP-ABCG12 localization to inclusions (H). White boxes in (C) and (G) highlight an area that is representative of the field of view in (D) and (H), respectively, circles highlight gold particles, and arrowheads denote the plasma membrane. Bars = 10 mm in confocal images ([A] 
to [C] and [E] to [G]) and 200 nm in TEM ([D] and [H]).
Flexible Pairing of ABCG Transporters 5 of 10 indicate which pairings are physically possible, assuming these gene products are expressed in the same cell at the same time.
To place ABCG transporter dimerization in the context of the epidermal cell during lipid secretion, biosynthetic traffic of ABCG transporters from the ER to the plasma membrane was examined in these cells. The behavior of these half-transporters during their biosynthesis and trafficking are consistent with the different dimer combinations demonstrated by BiFC. The consistency between these two data sets, together with functional data deduced from mutant phenotypes (Pighin et al., 2004; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) , lead to the models proposed below for specific dimerization pairings of ABCG transporters in diverse functions.
ABCG11 Undergoes Flexible Dimerization and Performs Multiple Functions
abcg11 mutants display pleiotropic phenotypes, including reduced surface wax and cutin monomers, stunted growth, organ fusions, reduced fertility, and reduced apical dominance, indicating that ABCG11 is involved in processes in addition to wax export Luo et al., 2007; Panikashvili et al., 2007; Ukitsu et al., 2007) . Furthermore, the expression pattern of ABCG11 extends beyond that of ABCG12 to tissues in which neither cutin nor wax is being synthesized (e.g., emerging lateral roots) (Suh et al., 2005; Toufighi et al., 2005; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2007) . Based on mutant phenotypes and expression pattern, we propose that ABCG11 acts as a generalist ABCG transporter, pairing with different half-transporters in different tissues to transport structurally diverse substrates. Consistent with this, ABCG11 was able to exit the ER and traffic to the plasma membrane independently of ABCG12, indicating that it can dimerize with other ABCG half-transporters in epidermal cells. Additionally, homodimerization of ABCG11 was demonstrated in BiFC assays. These results are consistent with the model in which ABCG11 homodimerizes to export cutin precursors from the stem epidermis . Determining whether ABCG11 functions in cutin export as a homodimer will require further experiments. While analysis of several cutin biosynthesis mutants has revealed genes required for cutin In wild-type stem epidermal cells, the PIP2 aquaporin is localized to the plasma membrane (A). PIP2 is also localized to the plasma membrane in abcg11 mutants (B) and is not retained within the abcg11 mutant inclusions (C). Circles highlight gold particles, arrowheads denote the plasma membrane, and bars = 200 nm. 
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The Plant Cell monomer biosynthesis and assembly, the nature of cutin precursors that are exported for assembly in the cuticle is not known (Pollard et al., 2008) . This gap in our understanding, as well as the problem that wax constituents are solid at biologically relevant temperatures, makes assessment of the possible substrates of ABCG11 challenging. Both BiFC and trafficking data demonstrate that ABCG11 is capable of promiscuous pairing with multiple ABCG half-transporters. It is possible that ABCG11 dimerizes with multiple partners to form a variety of full transporters to perform diverse functions, as has been hypothesized in the Drosophila WHITE/BROWN/SCARLET model. Indeed, ABCG11 has been implicated in functions as diverse as maintenance of apical dominance, flower development, embryogenesis, and root suberin export (Panikashvili et al., 2010) . This gives rise to a model in which the pleiotropic effects of abcg11 mutation are due to the loss of this variety of full transporters.
ABCG12 Specifically Forms Heterodimers with ABCG11 for Wax Export
In contrast with the broad expression pattern of ABCG11 and the pleiotropic phenotypes of abcg11 mutants, mutants in abcg12 display only wax-related phenotypes, and expression of ABCG12 is enriched in the stem epidermis where wax is actively being synthesized and secreted (Pighin et al., 2004; Suh et al., 2005; Toufighi et al., 2005) . There is a precedent for strict ABCG heterodimerization in Medicago truncatula arbuscular mycorrhizal symbiosis . During arbuscule formation, two ABCG half-transporter genes, STUNTED ARBUSCULE (STR) and STR2, are highly expressed. STR and STR2 heterodimerize and are incapable of forming homodimers. Their identical mutant phenotypes and expression patterns suggest that, like ABCG12, these two ABCG half-transporters are specialists . Consistent with the hypothesis that ABCG12 is a specialist, GFP-ABCG12 was only able to exit the ER and move to the plasma membrane of epidermal cells in the presence of ABCG11, indicating that ABCG12 forms an obligate heterodimer with ABCG11 in stem epidermal cells. This is supported by the BiFC interaction data, which indicate that ABCG12 can heterodimerize with ABCG11 but is incapable of forming a homodimer. Therefore, the wax phenotypes of the abcg11 and abcg12 single mutants and the abcg11 abcg12 double mutants are a result of defects in this heterodimer. In abcg11 or abcg12 mutants, membranous lipidic inclusions accumulate in the epidermal cells (Pighin et al., 2004; Bird et al., 2007; Panikashvili et al., 2007) . Here, we demonstrate that the inclusions in abcg11 mutants contain markers of the ER but not markers of the plasma membrane. It is possible that ER expansion is a stress response to sequester insoluble cuticular lipids. Similarly, in yeast, the ER increases in size to accommodate defective proteins, independent of the unfolded protein response (Schuck et al., 2009) . Alternatively, the inclusions could reflect the nature of lipid traffic during cuticular lipid secretion. All of the enzymes that have been characterized in wax synthesis have been localized to the ER membranes (Zheng et al., 2005; Greer et al., 2007; Bach et al., 2008; Li et al., 2008) . If intermediate secretory compartments, such as the Golgi apparatus, are required for wax secretion to the cell surface, then wax accumulation in these compartments would be expected to occur when transport is blocked. However, Golgi and plasma membrane morphology appeared unaffected in TEM of abcg11 knockout mutants. While the subcellular compartments involved in wax secretion are not known, accumulation of waxes only in the ER is consistent with wax moving directly from the ER to the plasma membrane via nonvesicular lipid traffic, by analogy to yeast lipid transport systems (Levine and Loewen, 2006) . In summary, Arabidopsis ABCG11 is capable of flexible dimerization to form either a heterodimer or a homodimer at the plasma membrane in vivo. By contrast, ABCG12 forms an obligate heterodimer with ABCG11, and heterodimerization is required for normal trafficking to the plasma membrane. Based on these data and on previous ABCG studies, there are two emerging paradigms: flexible pairing of one ABCG gene product with multiple partners to perform diverse functions and formation of obligate ABCG heterodimers for specialized functions. These paradigms have been formerly deduced but not experimentally tested in the canonical WHITE/BROWN/ SCARLET complex in Drosophila. In mammalian cells, cases of biologically relevant flexible ABCG transporter partnering have not been described, although several lines of evidence hint that this is possible (Graf et al., 2002; Cserepes et al., 2004) . This study demonstrates that mechanisms of ABCG transporter dimerization are conserved across biological kingdoms, despite the divergent functional roles played by these transporters.
METHODS
Plant Material
Seedlings were sown on AT media and grown in an environmental growth chamber at 218C, 70 to 80% humidity, and 24 h light (80 to 100 mE m 22 s 21 ) for roughly 10 d before transfer to Sunshine Mix 5 soil. The cer5-2, wbc11-3, cer5-2+CER5pro:GFP-CER5, and wbc11-3+35Spro:YFP-WBC11 lines (all in the Columbia-0 [Col-0] background) have been previously described (Pighin et al., 2004; Bird et al., 2007) , and Col-0 seeds carrying the 35Spro:GFP-HDEL ER marker were a generous gift from Hugo Zheng (Batoko et al., 2000) .
BiFC Transgene Construction and Protoplast Transformation
ABCG12 cDNA was amplified from the GFP:CER5 vector (Pighin et al., 2004) , and XmaI and EcoRI sites were added using the primers ABCG12. P3 and ABCG12.P4 (see Supplemental Table 1 online) . ABCG11 cDNA was amplified from YFP:WBC11 , and XmaI and EcoRI sites were added using the primers ABCG11.P3 and ABCG11.P4 (see Supplemental Figure 6 online). The resulting products were ligated into the EcoRI and XmaI sites of pSAT4-cEYFP-C1-B and pSAT4-nEYFP-C1 (Citovsky et al., 2006) and verified by sequencing. Control BiFC vectors containing components of the Arabidopsis thaliana nitrate transport machinery were a generous gift from Z. Kotur and A. Glass (Yong et al., 2010) . Plasmid DNA was purified from Escherichia coli cultures using an endotoxin-free plasmid maxiprep kit (Qiagen). Protoplasts from Col-0 leaves were prepared and transformed as described (Tiwari et al., 2006) with 10 mg of each vector used in each protoplast transformation. The number of fluorescent protoplasts was scored out of the total number of live protoplasts (i.e., those with an intact plasma membrane when viewed with bright-field microscopy) and presented as a percentage relative to the number of fluorescent protoplasts in the positive control (pSAT6 +35Spro:EYFP) as an estimation of transformation efficiency. Data from converse transformations (e.g., cYFP-ABCG11+nYFP-ABCG12 and cYFP-ABCG12+nYFP-ABCG11) were grouped. To meet the assumptions of analysis of variance (Whitlock and Schluter, 2009) , data from eight independent experiments were natural log (ln) transformed and corrected for variations in transformation efficiency among experiments by subtracting the mean transformation efficiency of that experiment from each value. Means were compared using analysis of variance and a Tukey post-hoc test using SPSS (IBM).
Confocal Microscopy
Transformed protoplasts were mounted in WI solution, or dissected stem segments from the top 3 cm from the shoot apical meristem (where cuticle synthesis and secretion is the highest; Suh et al., 2005) were mounted in distilled water and immediately imaged. Stem segments were stained with 1 mg/mL propidium iodide (Sigma-Aldrich) or 10 mM FM4-64 (Molecular Probes) for 10 min. Images were collected using a Zeiss 510 Meta scan head on a Zeiss Axiovert 200 M with a Zeiss AxioCam HRm CCD camera or using a Quorum Wave FX spinning-disk scan head on a Leica DMI6000 microscope with a Hamamatsu ImagEM CCD camera. On the Zeiss microscope, GFP was detected using a 488-nm laser with a 505-to 530-nm filter, YFP was detected using a 514-nm laser with a 535-to 580-nm filter, and propidium iodide and FM4-64 were detected using a 514-nm laser with a 600-to 650-nm filter. On the Quorum system, GFP and YFP were detected using a 491-nm laser with a 528-to 566-nm filter. To allow comparison of the relative brightness between different BiFC treatments, all protoplasts (except the YFP overexpressing positive control) were imaged under identical conditions, including detector gain and exposure time. Images were processed using Volocity (Improvision) or ImageJ, and Adobe Illustrator.
High-Pressure Freezing, TEM, and Immunogold Labeling
Stem tissue from the top 1 to 3 cm from the shoot apical meristem was frozen in 0.2 M sucrose in B sample holders (Ted Pella) using a Leica HPM-100 high-pressure freezer. Freeze substitution, resin infiltration, sectioning, poststaining, and imaging were performed as described (McFarlane et al., 2008) . Immunolabeling of high-pressure frozen material was performed as described (McFarlane et al., 2008) . Primary antibodies were 1/50 polyclonal anti-GFP (A6455 from Molecular Probes); 1/20 polyclonal anti-calreticulin, generated against calreticulin from castor bean (Ricinus communis cv Hale), a generous gift from Sean Coughlan (Coughlan et al., 1997) ; and 1/50 polyclonal anti-PIP2, generated against 8 of 10
The Plant Cell PIP2 from tobacco (Nicotiana tabacum cv Petit Havana SR1), a generous gift from Ralf Kaldenhoff, (Bots et al., 2005) . Secondary antibody was 1/100 10 nm gold-conjugated goat-anti-rabbit (Ted Pella). Images were processed using ImageJ and Adobe Illustrator.
Gene Expression Analysis
Total RNA was extracted using TRIzol reagent (Invitrogen) from stem segments 1 to 3 cm from the shoot apical meristem or from 10-d-old seedlings grown in liquid AT media plus 1% sucrose, with and without 5 mM DTT (as positive and negative controls for the unfolded protein response, respectively). cDNA was synthesized from 15 mg of RNA using an oligo dT 18 primer and SuperScript III reverse transcriptase (Invitrogen).
RT-PCR was performed for 20 cycles using 1 mL of cDNA with intronflanking, gene-specific primers for HSP90.7, BiP1/BiP2 (not specific to either gene alone, since these are 97% identical), CALNEXIN1, CALRE-TICULIN2, and PDI-LIKE9 (see Supplemental Table 1 online). cDNA levels were normalized using primers for the UBC10 ubiquitin conjugating enzyme gene for 20 cycles. PCR products were visualized using SYBRSafe (Invitrogen).
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At1g17840 (ABCG11), At1g51500 (ABCG12), At5g53300 (UBC10), At4g24190 (HSP90.7), At5g28540 (BiP1), At5g42020 (BiP2), At5g61790 (Calnexin1), At1g09210 (Calreticulin2), and At2g32920 (PDIlike9).
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The following materials are available in the online version of this article. Supplemental Table 1 . A List of Primers Employed in This Study.
